Objective: Nigrostriatal terminal losses are known to progress most rapidly in early-stage Parkinson disease (PD) and then plateau, whereas cortical pathology continues and may provide a better marker of PD progression in later stages. We investigated cortical gyrification indices in patients with different durations of PD, since cortical folding may capture complex processes involving transverse forces of neuronal sheets or underlying axonal connectivity.
In Parkinson disease (PD), degeneration of dopamine terminals is thought to progress rapidly within the first few years after diagnosis and then plateau. 1 Thus, in more advanced stages of disease, non-nigrostriatal brain changes may serve as better markers of PD progression. Evidence suggests that widespread pathologic changes occur in the cortex, including apoptotic signaling, Lewy pathology, reduction in other neurotransmitters, and interneuron loss. [2] [3] [4] It is unclear, however, how cell death relates to the pattern of cortical Lewy pathology, and whether cortical changes can be used to gauge PD progression. 5 Lewy pathology has been documented in specific cortical layers (i.e., preferentially in deep layers of high-order sensory association areas). 5, 6 Some previous imaging studies have demonstrated decreased cortical thickness in PD, 7, 8 but reported results have been inconsistent and have not shown robust associations with disease progression in the absence of dementia. These inconsistencies may be attributable to several factors. First, cortical thickness may be less sensitive in areas where cortex pathology is not transmural. Second, thickness measurements may not reflect more complex changes of cortex surface architecture. 9 Thus, the distinction between structural metrics is important because they may reflect different aspects of cortical neurodegeneration. In the current study, we aimed to characterize changes in cortical gyrification during PD progression by studying participants with different durations of illness. We hypothesized that reductions in gyrification would follow the spatiotemporal distribution described in studies of Lewy pathology. 5, 6 METHODS Longitudinal cohort participants. Patients with PD (n 5 70) and controls (n 5 70) with a Mini-Mental State Examination (MMSE) score $26 were selected from a large cohort study based on matching for baseline age distribution, sex ratio, and number of follow-up visits (table 1). 10, 11 Patients with PD were recruited from a tertiary movement disorders clinic, and controls from spouses and the local community. PD diagnosis was confirmed according to published criteria. 12 All participants were free of major and acute medical issues or neurologic disorders other than PD. All brain images were inspected and deemed free of any major structural abnormalities. Hamilton Depression Rating Scale (HAM) 13 scores were obtained at each visit. PD subgroups were assigned for comparisons to controls based upon duration of illness (DOI), defined as the number of years since diagnosis in the same fashion that we had done previously (PD-early [ 
Validation study participants.
A validation study was conducted using the baseline data from a newly established cohort under the NIH PD Biomarkers Program (NCT01888185). 15 Participants were recruited in a similar manner as the longitudinal cohort participants, except there were more advanced-stage patients. The original population of validation participants included 104 patients with PD and 71 controls. Participants having signs of dementia were excluded using the MMSE score cutoff described above.
Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained for all participants, in accordance with the Declaration of Helsinki. The research study protocol was approved by the Penn State Hershey Institutional Review Board.
Clinical evaluation. Unified Parkinson's Disease Rating Scale
(UPDRS) motor scores and Hoehn & Yahr (H&Y) stages were obtained for PD in the "on" medication state at each visit. Longitudinal cohort UPDRS motor scores were recorded using the original UPDRS. 16 Validation study UPDRS motor scores were recorded using the revised UPDRS. 17 Levodopa-equivalent daily dose (LEDD) was calculated according to published criteria. 18 MRI data acquisition and analysis. All participants were scanned using a 3.0T MRI scanner (Trio, Siemens Magnetom, Erlangen, Germany, with an 8-channel phased array head coil) at baseline, 18 months, and 36 months. A magnetizationprepared rapid acquisition gradient echo sequence was used to obtain T1-weighted images with repetition time/echo time 5 1,540/2.34, field of view 5 256 3 256 mm, matrix 5 256 3 256, slice thickness 5 1 mm (with no gap), slice number 5 176.
T1-weighted images were processed automatically using Free-Surfer (version 5.1.0). 19 The longitudinal pipeline was utilized to process longitudinal cohort images by first creating unbiased withinsubject templates. The within-subject templates were then used to initialize image processing (skull stripping, Talairach transforms, atlas registration, spherical surface maps) for scans at each visit. 20, 21 Local gyrification index (LGI) was used as a measurement of cortical folding. Historically, LGI was defined as the ratio of cortical surface over the outer contour (perimeter) of a 2D brain section. 22 LGI offers a method to quantify gyrification as it varies across the surface of a 3D cortical mesh (;150,000 vertices). 23 For each vertex v i , a circular region of interest was defined on the mesh surface having radius 25 mm and center vertex v i . Outer and pial surface areas (A O , A P ) were computed as the sum of surface areas assigned to vertices that fell within the region of interest.
LGI was defined as the ratio of A P /A O . The final computation of LGI at each vertex was calculated by inverse weighting based upon distance. Thus, the LGI computed for each vertex v i contains information from both the center vertex v i and vertices that are nearby. However, this is to be expected, since gyrification is aimed to represent the combined structural properties of neighboring gyri and the sulci between them. 23 Statistical analysis. Sex and age were compared between patients with PD and controls using Fisher exact test and 2sample Student t test, respectively. Analysis of variance was used to assess differences among PD subgroups or controls. We performed longitudinal analyses of cortical structure at the vertex level using a validated framework (spatiotemporal linear mixed effects model) that leverages covariance among neighboring vertices and can yield increases in statistical power while providing good control of false-positive rate. 24 Briefly, each hemisphere was divided into ;30,000 regions of homogenous covariance from ;150,000 vertices. Fast expectation maximization iterations were applied to obtain more accurate parameter estimates, which were averaged within each region. 25 Hypothesis testing utilized the Satterthwaite-based approximation of a scaled F statistic. p Values were adjusted using an expected false discovery rate of 0.05. 26, 27 The final mixed effects model used for group comparisons included the following: linear and quadratic terms of age at baseline, sex, years elapsed since baseline, years of education, HAM at each visit, intracranial volume (ICV), the terms for PD stages, the respective interaction terms for PD stages and years elapsed, the term for interaction between age at baseline and years elapsed, and the term for interaction between sex and years elapsed. ICV was included as a covariate because it was associated with overall LGI (p , 0.0001).
General linear hypothesis testing using the F statistic was utilized to conduct group and subgroup comparisons. 28 Overall LGI was defined as the average of LGI across all cortical vertices. Regional and overall gyrification indices were analyzed using R version 3.1.1. 29 The relationships between clinical measurements and cortical structural measures among PD participants at baseline were assessed (1) descriptively using locally weighted regression and 95% bootstrapped confidence regions and (2) quantitatively using multiple linear regression for each variable of interest independently (covariates included age, sex, education years, ICV, and HAM as appropriate).
The validation study was conducted in cortical areas that were found to be significantly associated with advanced PD stage in the longitudinal cohort. For this analysis, we utilized the bilateral regional means of LGI for the respective cortical areas. The general linear model was used to conduct these validation analyses and included the following variables: linear and quadratic terms of age at baseline, sex, years of education, HAM, ICV, and the terms for PD stages. Outliers having extremely low gyrification values (2 standard deviations , sample mean) were excluded from the study (1 control, 2 PD M , 2 PD L in the validation sample).
RESULTS
Demographic characteristics of study participants. In the longitudinal cohort, patients with PD and controls were not significantly different in age or sex frequencies at any visit (table 1) . Controls had more years of education than patients with PD, but education did not correlate with any cortical metrics in either the patients with PD or controls. From the baseline visit, the 18-month dropout rate was 20.0% and 17.1% for patients with PD and controls, respectively, and 14.3% and 10.3%, respectively, from 18 to 36 months. The total number of visits did not differ between patients with PD and controls (p 5 0.210). The demographic characteristics of those who dropped out did not differ between patients with PD Table 1 Demographic and clinical properties of study participants and controls. Patients with PD demonstrated the expected progression of symptoms as reflected by increased UPDRS-III scores and LEDD. Patients with PD had increased depression scores compared to controls (p , 0.0001). Among patients with PD, disease stage and DOI were significantly associated with depression scores at all visits (p , 0.0001).
In the validation study sample, PD subgroups and controls were relatively similar in age, sex frequencies, and education, but patients with PD had trend-level lower MMSE scores compared to controls (p 5 0.055).
Longitudinal cohort analysis of cortical gyrification. We first investigated LGI differences between patients with PD and controls using vertex-level analyses. Compared to controls, patients with PD overall had reduced LGI in the left inferior parietal, superior frontal, frontal pole, and rostral anterior cingulate, and the right inferior parietal, precentral, rostral middle frontal, and fusiform areas (p , 0.05). There were no significant differences in LGI between completed PD participants and PD participants lost to follow-up (p $ 0.20).
At baseline and 36-month visits, LGI was not significantly reduced in any region in PD E or PD M subgroups vs controls. There were substantial differences in LGI between PD L and controls, however, at baseline bilaterally in overall LGI, inferior parietal, postcentral, precentral, superior frontal, and supramarginal areas (p , 0.05) ( figure 1, table 2) . At the 36-month visit, these bilateral differences persisted and also extended to include bilaterally the transverse temporal, fusiform, inferior temporal, and pars orbitalis regions (p , 0.05). Comparisons of LGI between PD L and controls at the 18-month visit revealed patterns of reduced LGI that were intermediate between baseline and 36month visits. Longitudinal analysis revealed accelerated overall LGI loss in the PD M subgroup (p , 0.001) and nonsignificant accelerated loss in PD E (p 5 0.056) compared to controls. Loss of LGI also was accelerated in the postcentral, precentral, superior frontal, and supramarginal areas among PD M (p , 0.05) compared to controls, and nonsignificant accelerated loss was present in the inferior parietal area (p 5 0.055) (table 2) .
Several clinical measurements were correlated with LGI. DOI was correlated negatively with overall LGI and regional LGI of the postcentral, precentral, superior frontal, and supramarginal areas (p , 0.05). LEDD was correlated negatively with LGI in all of the aforementioned areas and UPDRS showed correlations with LGI of the inferior parietal area (p 5 0.026) (figure 2).
Validation study sample analysis of cortical gyrification.
For the validation study, we utilized bilateral averages of LGI in regions that were shown to be reduced bilaterally in the longitudinal cohort study. Compared to controls, PD L demonstrated significantly lower overall LGI and in the inferior parietal, postcentral, precentral, and superior frontal areas (p , 0.05), although the LGI differences in the supramarginal area did not reach statistical significance (p 5 0.054) (table 2) .
DOI was correlated with overall LGI and regional LGI of the postcentral, precentral, superior frontal, and supramarginal areas (p , 0.05), and the correlation for the inferior parietal area did not reach statistical significance (p 5 0.052) ( figure 3 ). UPDRS-III scores were correlated negatively with overall LGI, and with regional LGI of the inferior parietal, postcentral, precentral, superior frontal, and supramarginal areas (p , 0.05). DISCUSSION This study demonstrated that reduced cortical gyrification is related to disease progression in participants with PD without dementia. Losses of gyrification were accelerated early after diagnosis, and became prominent in later stages of disease, suggesting that measurements of cortical folding may be useful for monitoring disease progression. Interestingly, we found that the loss of gyrification was particularly prominent in the neocortical regions that are thought to be relatively spared from Lewy pathology in PD. 5, 30 In contrast, we did not observe altered gyrification in areas known to be more heavily affected by Lewy pathology (i.e., brain base and temporal areas). Taken together, these findings raise the possibility that cortical folding abnormalities may reflect pathologic processes not attributable solely to Lewy pathology. Although recent data provided initial evidence that gyrification of the cortex is reduced in PD (average DOI ; 3.9 years), 31 the association between cortical folding and disease progression remained unclear. Indeed, another recent study reported no differences between patients with PD and controls, although there were some areas of correlation between a composite measure of disease progression that included dementia in PD and cortical gyrification of the left middle frontal, superior parietal, superior frontal, supramarginal, lateral occipital, inferior parietal, and right superior frontal and superior parietal areas. 8 Whereas these findings may have been attributable to the inclusion of dementia (mean MMSE 5 18.3 in the PD dementia group), our study excluded dementia at baseline. Participants with PD E or PD M did not have reduced gyrification at baseline, but demonstrated accelerated loss of gyrification longitudinally. PD L had prominently reduced gyrification bilaterally in several cortical areas despite the lack of dementia (MMSE ; 28-29). Disease duration, LEDD, and motor scores also were associated with reduced overall LGI in PD. Together, these findings suggest that accelerated loss of cortical folding occurs shortly after PD diagnosis and may be associated with disease progression prior to the occurrence of dementia. Accordingly, metrics of cortical folding may provide sensitive measurements to gauge ongoing cortical neurodegeneration as PD progresses.
Previous studies have reported findings of widespread cortical pathology in PD, including reduced levels of neurotransmitters and tyrosine hydroxylase immunoreactive interneurons, 3, 4 increased apoptotic signaling, 2 and Lewy pathology. 5 Neocortical areas, however, have been shown to be relatively spared from Lewy pathology. 5 The current study demonstrated that the loss of gyrification is especially prominent in the precentral and postcentral areas in PD, suggesting that cortical gyrification might not reflect Lewy pathology Relationships of baseline regional local gyrification index and clinical measurements among Parkinson disease (PD) participants in the longitudinal cohort
Descriptive plots illustrate the relationship between regional local gyrification and clinical measurements among PD participants in the longitudinal cohort. Center lines (black) and gray areas represent the moving average and 95% bootstrapped confidence region for local gyrification index as a function of clinical measurements. The b and p values were obtained via multiple linear regression for each clinical variable. Two data points were not shown in the levodopaequivalent daily dose (LEDD) plots because they had LEDD .1,800 mg/d. LGI 5 local gyrification index; UPDRS 5 Unified Parkinson's Disease Rating Scale.
directly as we hypothesized. These differences may be explained by several possibilities. First, Lewy pathology may not be correlated with cell death equally throughout all cortical regions. Second, Lewy pathology is known to occur in distinct cortical layers in PD, preferentially in deeper layers in the neocortical areas and in superficial layers of the mesocortex. 5 This differential pattern of pathology may contribute to the gyrification losses observed in this study. Few details, however, are available regarding the exact layerspecific pattern of Lewy pathology, warranting further investigation. 5 Third, changes in underlying white matter could result in altered cortical folding. 32 To understand the stage-dependent changes of gyrification in PD, we subdivided PD patients into 3 subgroups as we have done previously. 33 The PD E upper limit of DOI (1 year) was chosen to define PD participants who had not received extended treatment. PD L was defined as PD participants having at least 5 years of disease duration for several reasons. For example, nigrostriatal terminal labeling has been suggested to reach a floor after approximately 5 years, 1 although some data suggest that nigral cell death continues, 34 and dopamine levels certainly decline throughout disease progression. 35 Clinically, dyskinesias, cognitive decline, and dopamine-nonresponsive symptoms tend to be more prominent after the first 5 years (honeymoon phase). 36, 37 These subgroup categorizations provided balanced subgroup sample sizes that are powerful for equivalence testing. 1, 38, 39 Interestingly, the LGI continued to decline after 5 years (figure e-2). We also repeated our analyses using H&Y stage, with similar results (table e-1). There were also inverse correlations between gyrification indices and clinical measurements (LEDD and UPDRS-III, figures 2 and 3). Together, our results support the notion that gyrification is stagedependent and associated with PD progression.
The current study had several limitations. Although the overall sample size is large, the sample size for PD subgroup analysis was relatively small. Larger sample sizes and longer follow-up of various disease staging categories will be needed to generalize these findings. In addition, as is common in longitudinal studies, there was significant dropout in both the PD and control groups. The total number of visits, however, did not differ between these groups. There also may be considerable variability in clinical severity and disease duration. 40 However, we repeated all of our analyses using H&Y staging and found similar results (figure e-1). The PD L group also had a relatively high male-tofemale ratio. Most relationships between LGI and disease duration persisted when male and female participants with PD were analyzed separately (table e-1). Although the p values in table e-1 may give the impression of discordant results among female participants, the directions of the correlations were the same for all regions regardless of sex or cohort. Furthermore, we found no significant differences in overall, inferior parietal, postcentral, precentral, superior frontal, or supramarginal LGI between male and female controls, and sex had no effect on the rate of LGI change in controls. Nevertheless, to minimize any potential confounding effect, we included sex in our statistical model. We also utilized "on" medication motor scores because some participants could not tolerate "off" medication assessment. Of note, the scores obtained in the practically defined "off" medication state may not represent true "off" medication symptoms, since some drugs may not completely wash out. "On" medication scores may be more representative of the levodopa-unresponsive components of patient symptoms, which may be more closely related to cortical findings. Finally, the study was validated using the baseline data from another newly established cohort, and the longitudinal data are not yet available. Although the Parkinson's Progression Markers Initiative has longitudinal data, this cohort only includes PD participants in very early stages. Independent validation of longitudinal trajectories in advanced stage PD is needed.
This study demonstrated that cortical gyrification is reduced among participants with PD without dementia, and is associated with measurements of PD progression. Loss of cortical gyrification may be accelerated shortly after PD diagnosis and becomes prominent in later stages. These findings suggest that folding metrics may be informative for quantifying cortical changes throughout PD progression. Moreover, the finding of reduced gyrification in areas known to be spared from Lewy pathology is unexpected, raising the possibility that cortical folding abnormalities reflect processes not attributable solely to Lewy pathology in PD.
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